The acceleration of the shaker table is monitored simultaneously, and is held approximately constant at 2.5 m/s 2 as a function of frequency. As the magnetic separation decreases, the equilibrium position of the cantilever moves upward, until belo\v a separation of
INTRODUCTION EXPERIMENT
Abstract -This paper describes the use of non-linear magnetic coupling to tune the resonant frequency and bandwidth of a piezoelectric cantilever vibration scavenging system. A piezoelectric cantilever is fitted with a permanent magnet on its free-moving tip, while a second magnet is positioned to attract the magnetized tip. As the separation between the opposing magnets is reduced, the non-linear force introduced by the magnetic coupling down-shifts the resonant frequency of the cantilever beam, and broadens the observed frequency response. The results qualitatively agree with the predictions of a modified spring-mass vibration model.
The experimental setup is shown in Fig. 1 . A permanent neodynium magnet is attached to the free moving tip of a piezoelectric cantilever beam that is mounted onto a shaker table. A second neodymium magnet is fixed above the cantilever so that the t\VO magnets are attracted by a non-linear force.
There is growing interest in energy scavenging from natural vibration sources to power autonomous \vireless telemetry devices. However, most outdoor sources of vibration do not display predictable, or finely tuned vibration characteristics. This makes it difficult to match these sources to conventional piezoelectric cantilever energy scavenging systems. A vibration scavenging device that produces a tunable resonance response \vhile maintaining or increasing the po\ver output would allow scavenging from a broad range of vibration sources. So far, active adaptive tuning has been employed for microgenerators [1] , while frequency downtuning using a compressive axial preload (passive) on a plate [2] has been demonstrated in a simply supported biomorph system. This paper describes the coupling of a conventional piezoelectric cantilever \vith a non-linear magnetic force to tune the resonance response of the cantilever beam. A magnet is mounted on the freemoving tip of the cantilever and is attracted by a static magnet attached to the vibration source directly above the tip. The coupling introduced by the magnetic attraction introduces additional bending of the cantilever beam, downshifting the resonant frequency and broadening the response characteristics.
12 mm the hvo magnets snap together. As shown in Fig. 2 , the decrease in magnetic separation results in a downshift in the resonant frequency of the cantilever beam, along \vith a broadening of the resonant peak. Figure 3 shows the voltage output integrated over the 15 -35 Hz frequency range. The integrated voltage output increases substantially with decreasing magnet separation, reflecting the broadening of the resonant peak.
MODEL
Extending the standard spring-mass vibration model [1] - [3] to include the magnetic force, the equation of motion for the cantilever beam is given by:
where m is the mass of the tip-mounted magnet, de is the electrical damping coefficient, d p is the parasitic damping coefficient, k is the cantilever stiffness, z is the amplitude of the cantilever at resonant frequency, a is the shaker table acceleration, w is the angular frequency, t is the time and Yo is the vibration amplitude of the shaker table.
The last term on the left hand side of the equation is the magnetic force, \vhich is inversely proportional to the square distance between the t\VO magnets. Here Cj is the distance between the t\VO magnets at equilibrium, and hi and ej are t\VO magnetic force coefficients. These are determined as a function of z and Cj, using the follo\ving procedure. The experimental setup is reproduced, except that the fixed magnet is mounted onto a measurement scale. The position of the magnetized cantilever is then manipulated by pushing up and do\vn at the end of a cantilever beam, simulating a flexure movement. The reading on the scale indicates the force bet\veen the t\VO magnets for each particular combination of C i and z, and provides an empirical measure of the magnetic force coefficients. In the actual experiment, the vibration amplitude of the cantilever is kept belo\v that of the calibrated manual deflection of the beam to ensure that any unbalanced vibrations are \vithin the range of the calculation. (1) is solved using the parameters in Table I where de and d p are estimated by d. Figure 4 shows the numerically calculated resonant frequency of the cantilever compared to the experimentally determined value as a function of the separation between the t\VO magnets. The model correctly predicts the frequency dependence due to the magnetic force, ho\vever, there is a discrepancy bet\veen the experiment and theory in the absolute magnitude of the resonant frequency. This can possibly be attributed to the composite nature of the piezo-cantilever and to the steep variation of the magnetic force at small separations. A theoretical description of the po\ver output and band\vidth of the cantilever at resonant frequency is still being developed. 
CONCLUSION
We have described the use of passive magnetic coupling to enhance the power conversion efficiency and alter the frequency spectrum of a piezoelectric cantilever driven by a mechanical vibration source. The magnetically coupled system has been simulated analytically. The predictions of the model agree qualitatively \vith our experimental results, and show that in a magnetically coupled cantilever system it is possible to tune the resonance frequency values, and broaden the frequency response allo\ving frequency matching with the vibration source of interest.
